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Abstract. Long-term forest soil monitoring and research often requires a comparison of laboratory data
generated at different times and in different laboratories. Quantifying the uncertainty associated with these
analyses is necessary to assess temporal changes in soil properties. Forest soil chemical properties, and
methods to measure these properties, often differ from agronomic and horticultural soils. Soil proficiency
programs do not generally include forest soil samples that are highly acidic, high in extractable Al, low in
extractable Ca and often high in carbon. To determine the uncertainty associated with specific analytical
methods for forest soils, we collected and distributed samples from two soil horizons (Oa and Bs) to 15
laboratories in the eastern United States and Canada. Soil properties measured included total organic
carbon and nitrogen, pH and exchangeable cations. Overall, results were consistent despite some
differences in methodology. We calculated the median absolute deviation (MAD) for each measurement
and considered the acceptable range to be the median 6 2.5 3 MAD. Variability among laboratories was
usually as low as the typical variability within a laboratory. A few areas of concern include a lack of
consistency in the measurement and expression of results on a dry weight basis, relatively high variability
in the C/N ratio in the Bs horizon, challenges associated with determining exchangeable cations at
concentrations near the lower reporting range of some laboratories and the operationally defined nature of
aluminum extractability. Recommendations include a continuation of reference forest soil exchange
programs to quantify the uncertainty associated with these analyses in conjunction with ongoing efforts to
review and standardize laboratory methods.
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INTRODUCTION
Long-term soil monitoring and resampling
studies to assess temporal changes of soil
properties have become a commonly used tool
in the assessment of environmental change
(Lawrence et al. 2013). The effectiveness of these
types of studies depends on accurate and
reproducible laboratory data (Desaules 2012).
Agronomic and horticultural soil test methods
have been developed to serve the agricultural
industry and are often regionally standardized.
These methods are often not applicable for soil
monitoring when done in forest soils that can be
acidic, high in exchangeable Al, low in exchange-
able base cations and high in organic carbon (e.g.,
Johnson 2002, Ross et al. 2009). Forest soils are
arguably more variable than agricultural soils,
ranging more broadly in slope, rock content and
chemical conditions. Perhaps for this reason, as
well as the relative youth of forest soil science as
a discipline, a variety of analytical methods have
been developed, with little standardization
among studies.
Organizations such as the North American
Proficiency Testing Program (NAPT; http://www.
naptprogram.org/), administered by the Soil
Science Society of America, provide quality
assurance testing for soil fertility testing labora-
tories. Samples used in the NAPT are usually
typical agronomic soils, relatively lower in C and
higher in pH than corresponding forest soils of
eastern North America. The methods used for
extractable cations in agronomic soil fertility
testing are often not the same as those used in
forest soil research laboratories, making it diffi-
cult to assess the precision of methodologies
applied to forest soils. Thus, there is a need for
both reference soil samples characteristic of forest
soils and for inter-laboratory analyses of those
samples so that the accuracy and uncertainty
associated with the chemical analysis of forest
soils can be assessed.
Carbon in forest soils is a topic of considerable
current interest because of global climate change.
Soils worldwide store about twice as much C as
the atmosphere and play an important, but
poorly understood, role at the interface of
terrestrial and atmospheric C pools (Richter and
Houghton 2011). Increased sequestration of C in
forest soils is considered one strategy to contrib-
ute to the amelioration of ongoing increases in
anthropogenic C emissions, though there is some
uncertainty regarding whether forest soils in
eastern North America will be sources or sinks
of C in a changing climate (e.g., Dib et al. 2014).
The importance of assembling data on soil
carbon from varied sources is reflected in the
recent formation of the International Soil Carbon
Network (ISCN 2014) and the United Kingdom
Soil Observatory (Lawley et al. 2014), both
established to facilitate data sharing. Usually
concomitant with C analysis, total soil N analysis
is performed to study the effects of N deposition
and fertilization on C dynamics and ecosystem
function. Recent work has also focused on how N
controls C accumulation (e.g., Lovett et al. 2013).
The basic analytical techniques for determining
total C and N are quite old and have been
automated over the past few decades with the
development of elemental analyzers. Therefore,
close agreement in results among laboratories
should theoretically be achievable. It is critical to
be able to provide assurance regarding the
accuracy and variability of soil C and N analyses
to instill confidence in measurements of soil C
change over space and time.
For studies examining the long-term conse-
quences of soil disturbance due to forest man-
agement, assurance of accurate laboratory
analyses is also essential. This is especially true
if the original soil samples are not available for
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repeated analysis under the same procedures and
conditions as the new samples. The variability
associated with any measurement is needed to
determine the magnitude of change over time
that would be statistically significant. Resam-
pling soils over decadal time scales to assess
change in soil chemical properties is a primary
objective of international studies such as the
Long-Term Soil Productivity (LTSP) experiment
(Powers et al. 2005), and the U.S. Forest Service
Forest Inventory and Analysis Program (O’Neill
et al. 2005). This is also true for other coordinated
long-term soil monitoring studies, e.g., the
Vermont Monitoring Coop’s 200-yr study (Sleep-
er et al. 2009) and the Calhoun Long-Term Soil
Experiment (Richter et al. 1999), for which
repeating the analysis of all prior samples would
be impractical, and issues of long-term storage
effects on some measurements could complicate
results (Lawrence et al. 2012).
Past research related to the effects of acidic
deposition on forest ecosystems has highlighted
the need for accurate determination of exchange-
able cations and standardized methods for
measuring pH (e.g., Blume et al. 1990, Johnson
et al. 1994, Likens et al., 1996). More recent work
on Ca depletion in acidic soils of eastern North
America (Watmough and Dillon 2004, Bailey et
al. 2005, Warby et al. 2009, Hazlett et al. 2011,
Lawrence et al. 2012) has underscored the need
for methods that can reproducibly measure
relatively low exchangeable Ca concentrations.
Calcium and other base-forming cations are
required nutrients for plants. Although soil levels
of these nutrients for proper growth of agricul-
tural crops are commonly considered, recom-
mendations for forest species are less well
established. However, there is increasing interest
in use of soil testing in forest management
(Horsley et al. 2002). For example, Bailey et al.
(2004) proposed threshold values of Ca and Mg
for identifying stands at risk to sugar maple
decline disease. Ouimet et al. (2013) proposed
soil guidelines for Ca, K, and P based on foliar
deficiency symptoms. The soil guidelines for Ca
proposed for sugar maple by these two studies
differ by an order of magnitude. It is unclear
what role differences in analytical techniques
play in this difference. Availability of well-
characterized forest soil reference samples would
promote consistency between such initiatives
and perhaps promote soil testing as a more
commonly used management tool.
Another element of interest in acidic soils is Al,
both because of its ability to effectively compete
with base cations for cation exchange sites and its
toxicity to forest vegetation and aquatic biota.
For example, soil Ca:Al ratios have been used to
define thresholds of stress and toxicity to tree
species (Cronan and Grigal 1995). A wide variety
of methods for measuring ‘available’ soil Al are
used and, more so than for alkali and alkaline
earth cations, the results are method dependent
(Huntington et al. 1990). In acidic high-C soils,
much of the extractable Al is organically com-
plexed and not necessarily freely exchangeable
(Ross et al. 2008). Because of this, extraction
efficiency may vary with technique, time and
solution:soil ratio, even when unbuffered salts
are used for extraction (Skyllberg 1995). Ex-
changeable Al is operationally defined by the
procedure and any comparison of results needs
to carefully consider the methodology used.
Comparing results across laboratories for a
common set of samples would therefore help us
better understand how results from various
methods relate to each other and provide a basis
for quantifying analytical uncertainty. This infor-
mation is essential for the purpose of linking data
from individual studies to address questions of
greater spatial and temporal scope, as the need
for this type of data integration grows (Richter
and Billings 2008). Under the auspices of the
Northeastern Soil Monitoring Cooperative
(NESMC, www.uvm.edu/;nesmc), a forest ref-
erence soil sample exchange was initiated in
2007. We collected samples of a forest floor
organic horizon and a spodic horizon from a
moderately well-drained northern hardwood
stand in Vermont and distributed these to
interested research and research-service labora-
tories in eastern Canada and the US. The two
reference samples were representative of many of
the properties unique to forest soils of the region.
The organic (Oa) horizon was highly acidic and
high in C. The spodic (Bs) horizon was also acidic
and contained relatively low exchangeable Ca.
The participating laboratories analyzed these
samples using their routine methods and the
results have been compiled to assess variability
and evaluate the impacts of methodological
differences. The objective of this paper is to
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present results of the sample exchange to
evaluate compatibility of results achieved by
laboratories that have collected data relevant to
forest soil chemistry and temporal change in
eastern North America. There can be a number of
other sources of variability in studies of soil
change, including such things as experimental
design and sampling methods (Lawrence et al.
2013), but the sole focus of this paper is
variability in laboratory chemical analysis.
METHODS
The two reference soil samples were collected
at an elevation of 695 m from Underhill State
Park on the western slopes of Mt. Mansfield in
north-central Vermont (latitude 448320700 N, lon-
gitude 728500800 W). Sampling was done down-
slope from the Soil Climate Analysis Network
site in Underhill, VT (http://www.wcc.nrcs.usda.
gov/scan/). The soil was mapped as a Peru sandy
loam; coarse-loamy, mixed, frigid Aquic Haplor-
thod (Soil Survey Staff 2010); Humo-Ferric
Podzol (Soil Classification Working Group
1998). Two relatively thin horizons (varying from
;2 to 8 cm) were sampled, the Oa (H) and Bs
(Bf ), both identified in the field by color and
relative position in the soil profile. Approximate-
ly 120 L of each horizon were sampled from an
extensive area, air-dried and sent to Michael
Amacher at the United States Department of
Agriculture Forest Service Rocky Mountain
Research Station Forestry Sciences Laboratory
in Logan, UT. There, the samples were processed
similarly to soils used in the NAPT Program. The
two samples were further air-dried at ambient
temperature in large stainless steel trays on
glasshouse benches with periodic gentle remix-
ing. Each was then passed through a large
polyethylene 2-mm sieve, homogenized, and
stored in polyethylene 20-L buckets. Subsamples
from these buckets were taken after mixing by
vigorous stirring and distributed to each partic-
ipating laboratory.
Each laboratory used their normal routine
methods for measuring exchangeable cations,
pH and total C and N. These methods are briefly
outlined below and presented in more detail in
the Results and Discussion section. Laboratories
were requested to periodically analyze the
reference soils with their regular sample load
and, if possible, provide at least 6 replicate
determinations.
Statistical analysis was done using the univar-
iate procedure in SAS 9.2. Normality was
assessed by the Shapiro-Wilk ‘W’ statistic and
by visual inspection of normal probability plots,
stem-leaf and box plots of the data. Data of this
type often contain outliers and are skewed
(Feinberg et al. 1995). Because of this distribu-
tion, the median is usually used to represent the
consensus value and variability is described by
the median absolute deviation (MAD, van
Montfort 1996), which is less sensitive to outliers
than the standard deviation. The MAD is simply
the median of the absolute deviation of each
value from the sample median. The sample
median 6 2.5 3 MAD was used to describe the
‘acceptable’ range for a particular chemical test.
Total carbon and nitrogen by elemental analyzer
Although a number of wet chemical methods
are used for the measurement of soil organic C
and N, most laboratories currently use an
elemental analyzer with dry combustion to
determine total soil C and N. If there is a
measureable quantity of inorganic C in the soil
(generally not found in acidic forest soils), then
this must be removed before analysis or quanti-
fied and subtracted if organic C is the desired
result. All elemental analyzers combust the
sample at high temperature in the presence of
catalysts and added O2. Nitrogen is usually
measured at the same time and the combusted
sample is reduced to N2, CO2, and H2O before
separation by either traps or a combination of
traps and a chromatography column, usually
followed by detection with a thermal conductiv-
ity detector. A number of different manufacturers
make these instruments, which vary in the
specifics of combustion and reduction tempera-
tures, the mixture of catalysts and the separation
method for the N2 and CO2 gases (for more
details on instruments and parameters used in
this study; see Table 1 and Appendix: Table A1).
None of the participating laboratories pretreated
the samples to remove inorganic C, which was
assumed to be negligible. The degree of grinding
of the soil sample prior to analysis may also be
important, especially in those elemental analyz-
ers that utilize a small sample size for analysis.
The participating laboratories used different
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methods for this step in the reference sample
preparation, including a ball mill to pulverize the
sample to a finer particle size, hand grinding or
simply analyzing as received (Table 1). Methods
cited for C and N analysis were usually the
published methods of the Soil Science Society of
America (Bremner 1996, Nelson and Sommers
1996) or the Canadian Society of Soil Science
(Rutherford et al. 2008, Skjemstad and Baldock
2008). All data can be found in the appendices,
Tables A2 and A3. Because all data were not
normally distributed, Spearman’s rank procedure
was employed (using SAS 9.2) to examine
correlations between instrumental parameters
and both within-laboratory variability and error
relative to the median.
Soil cations
Extractants designed to measure concentra-
tions and pools of exchangeable cations in acid
soils usually utilize unbuffered salts such as
NH4Cl or BaCl2 and often employ leaching of the
sample to promote full exchange. During early
research on the effects of acidic deposition, a
number of methods manuals were published by
government organizations coordinating acidifi-
cation research (Robarge and Fernandez 1986,
Blume et al. 1990, Kalra and Maynard 1991). In
these manuals, NH4Cl was usually the recom-
mended extractant, somewhat influenced by the
emphasis on forest soils in these research and
monitoring programs, and mechanical vacuum
extraction (MVE) was one of the recommended
procedures in an attempt to standardize meth-
ods. The MVE procedure involves drawing the
salt extractant solution slowly through the
sample over a period up to 14 hours. The method
utilizes a specialized piece of equipment (me-
chanical vacuum extractor) and because of this
and the long extraction time, it is not used for
routine agronomic fertility testing; overall utili-
zation of this extraction equipment has declined
with time. ‘Batch’ extraction methods with
NH4Cl are a common alternative to MVE. The
participating laboratories that used this proce-
dure had a wide range in solution:soil ratio and
shaking time (Table 2).
Batch extractions used to assess nutrient cation
status may entail a relatively low solution:soil
ratio (e.g., 5:1) and a relatively short shaking time
(as low as 5 min). While these procedures are
common in agronomic fertility testing laborato-
ries, they may not be completely efficient in
removing most of the exchangeable Ca, Mg, K
and Na because the low solution:soil ratio can
result in an exchange equilibrium that leaves a
small quantity of the exchangeable cations
retained by the soil. One common extractant,
NH4-acetate (NH4OAc), contains an organic acid
and is often carried out at a buffered pH of 4.8
(Modified Morgans extractant) or pH 7.0 (orig-
inally proposed in Science by Schollenberger
(1927)). More recently developed soil test ex-
tractants such as Mehlich-3 (Mehlich 1984) were
designed to be ‘universal’ and contain F to extract
P and EDTA to extract micronutrients, along with
Table 1. Methods used for CN analysis.
Lab Grind/sieve (lm)
Approximate
sample weight
for Oa (mg)
Oa ratio of
grind:weight
(lm:mg)
Approximate
sample weight
for Bs (mg)
Bs ratio of
size:weight
(lm:mg)
Combustion
temperature
(8C)
Reduction
temperature
(8C)
1 pulverized to ,100 15 6.7 30 3.3 900 840
2 ground to ,250 10 25.0 25 10 950 680
3 2000 (as received) 15 133.3 15 133 1150 850
5 2000 (as received) 5 400.0 12 167 1020 650
6 pulverized to ,100 5 20.0 40 2.5 900 680
7 organic: 1000 mineral: 2000 10 100.0 35 57 900 680
8 pulverized to ,250 500 0.5 500 0.5 1350 800
9 pulverized to ,500 15 33.3 45 11 950 840
10 ground to ,600 15 40.0 60 10 1050 650
11 2000 (as received) 750 2.7 1000 2.0 950 700
13 mineral: ground to ,100
organic: as received
350 5.7 1000 0.1 900 830
14 pulverized to ,100 2 50.0 35 2.9 1000 650
16 pulverized to ,150 10 15.0 90 1.7 900 680
18 pulverized to ,500 125 4.0 225 2.2 1350 700
19 pulverized to ,250 25 10.0 35 7.1 1150 850
Note: ‘Pulverized’ means a ball mill or similar device was used. ‘Ground’ is hand ground.
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NH4OAc and a small amount of HNO3. Taken
together, the group of participating laboratories
used all of the extractants described above (Table
2). All data can be found in the Appendix: Tables
A4–A6.
pH
Measuring soil pH with a potentiometric
electrode is routine in all laboratories and two
common methods are used—pH in deionized
water (pHw) and a pH in a salt solution, usually
0.01 M CaCl2 (pHs). All participating laboratories
used one or both of these methods on the
reference soils, but with a range of solution:soil
ratios and contact time between the soil and the
solution prior to measurement. All data can be
found in Appendix: Tables A7 and A8.
Other chemical tests
Fewer than half of the participating laborato-
ries performed either loss-on-ignition (LOI),
exchangeable acidity or a digestion for total
elemental analysis. The results and method
citations for these three tests are included in
Appendix: Tables A9, A10, and A11, respectively.
Moisture determination
There were a wide variety of methods used to
adjust the reported values to a dry-weight basis.
These sometimes varied within a laboratory
between reporting exchangeable cations and C
and N. All laboratories preferred drying at 1058C
for mineral soil horizons but the temperature for
drying Oa horizons ranged between 608 and
1058C. Most laboratories performed a moisture
determination on a separate subsample and
adjusted their reported values to provide an
oven-dry expression of the chemical results.
However, some laboratories dried their samples
before analysis, either by oven drying or by
storing the sample in a desiccator. A few
laboratories simply reported air-dried values for
the cation extractions.
Participating laboratories
The laboratories and research groups that
participated in this sample exchange were the
Agricultural and Environmental Testing Labora-
tory at the University of Vermont; the Soil
Biogeochemistry Lab at Syracuse University; the
Soil And Plant Analytical Lab at the Great Lakes
Forestry Centre in Sault Ste. Marie, Ontario; the
Laboratoire de Chimie Organique Et Inorganique
of the Quebec Ministry of Forest, Wildlife, and
Parks in Quebec City, Quebec; the Soil Biogeo-
chemistry Laboratory in the Nicholas School of
the Environment at Duke University; the Geo-
chemistry Lab at the Ontario Forest Research
Institute in Sault Ste. Marie; the USDA Forest
Service, Forestry Sciences Chemistry Laboratory,
Grand Rapids, Minnesota; the Soil and Plant
Analytical Lab at the Laurentian Forestry Centre,
Natural Resources Canada, Quebec City, Quebec;
the University of New Hampshire Stable Isotope
Laboratory; the Forest Soils Laboratory at the
State University of New York College of Envi-
ronmental Science and Forestry; the Soil and
Low-Ionic Strength Water Quality Laboratory at
Table 2. Methods used for cation extractions and the lower reporting limit for Ca as determined by each
laboratory.
Lab Extractant Procedure Time (hr)
Solution: soil
ratio mineral
Solution: soil
ratio organic
Lower reporting
limit for mineral soils
for Ca (cmolc/kg)
2 1 M NH4Cl shake 2 10 40 0.010
4 1 M NH4Cl shake 1 20 50 0.005
6 1 M NH4Cl shake 1 20 50 . . .
8 1 M NH4Cl shake 12 10 10 0.040
11 1 M NH4Cl shake 0.5 10 10 0.050
3 1 M NH4Cl MVE 12 2.5 10 0.003
10 1 M NH4Cl MVE 12 20 20 0.010
12 1 M NH4Cl MVE 12 24 120 0.024
7 0.1 M NH4Cl MVE 12 12 48 0.010
1 1.25 M NH4Oac pH 4.8 MVE 12 6 6 0.006
9 1 M NH4Oac pH 7 shake 0.5 20 20 0.001
13 1 M NH4Oac pH 7 shake 1 20 50 0.030
18 Mehlich-3 shake 5 10 20 . . .
Notes: An ellipsis (. . .) indicates that no lower reporting limit has been determined. MVE ¼mechanical vacuum extraction.
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the US Geological Survey New York Water
Science Center; the Forest Biogeochemistry Lab,
Environmental Studies Program, Dartmouth
College, Hanover, NH; the Forest Soils Labora-
tory and the Analytical Laboratory & Maine Soil
Testing Service at the University of Maine; the
USDA Forest Service, Northern Research Station
in Durham, NH; the Forest Soils Laboratory of
the Warnell School of Forestry and Natural
Resources at The University of Georgia; the
Environmental Chemistry Laboratory at As-
sumption College in Worcester, MA; and the
Carbon Nitrogen Ecosystem Laboratory at Cor-
nell University. Each laboratory was assigned a
number by the exchange coordinator. Individual
laboratories are thus not directly identified in the
results.
RESULTS AND DISCUSSION
Carbon and nitrogen
Fifteen laboratories determined C and N in the
two reference samples (Fig. 1, Tables 3 and 4).
For both horizons and both elements, the data
approximated a normal distribution and the
median was close to the mean. Overall, the
variability among laboratories was relatively low,
resulting in small MAD-values and standard
deviations. For C in the Oa horizon, all labora-
tories were within 2.5 3 MAD (2.5 3 9.5 g/kg) of
the median (286.5 g/kg), or a range of 68.2% (Fig.
1). For Bs horizon C, two laboratories reported
median values below and two laboratories above
the range of the median 6 2.5 3 MAD (Fig. 1),
which in this instance was 62.8 g/kg (or 67.9%)
of the median (35.4 g/kg). Similar results were
found for N, with one laboratory lower than the
calculated range (61.5 g/kg or 9.1% of the
median) for the Oa horizon and three laborato-
ries out of range (60.15 g/kg or 8.8% of the
median) for the Bs horizon (Fig. 1). It should be
noted that there is no absolute or certified value
for any of the analytical results. As with other
sample exchange programs, the actual value for a
particular result is assumed to be the median of
all data submitted (Feinberg et al. 1995). Since the
MAD and the standard deviation are a function
of the variability in the submitted results, a
relatively narrow range will result if the data are
in close agreement. Commonly, laboratories run
quality control (QC) samples (of certified con-
centration) with their unknowns and accept their
data if the QC results are 65–10% of the certified
value. Use of the MAD statistic generally created
a similar acceptable range.
We also examined within-laboratory variabili-
ty by calculating the standard deviation of any
result with an n of 3 or more. Although the
standard deviation of such a small sample size
carries considerable uncertainty, it is still useful
for comparison. For the Oa horizon, the strongest
correlation between the within-laboratory vari-
ability and other parameters was actually with
sample number (Spearmans r ¼ 0.63, P ¼ 0.012).
This could be because laboratories that repeat-
edly ran the sample did so over an extended time
period with different calibrations, introducing an
additional source of variability. Four of the five
laboratories with the highest standard deviations
also had the four highest ratios of particle size to
sample weight (Table 1 and Appendix: Table A3).
A high ratio indicates the combination of a
relatively coarse particle size with a relatively
small amount of sample analyzed. Different
instruments are configured to utilize different
amounts of sample, with the concept that a larger
sample size should reduce variability and the
need for a finer grind. The other laboratory with
a high with-in laboratory deviation (#11), had a
low size:weight ratio but ran the sample as
received (,2000 lm). The laboratory (#5) that
reported a C concentration in the Oa furthest
from the median also used unground 2-mm
sample (and had the fourth highest standard
deviation along with the third highest ratio of
particle size to weight). It may be that the 2-mm
sieved Oa horizon was simply not homogeneous
enough to provide good repeatability, even in
some laboratories that used a large sample
weight. Similarly for the Bs horizon, three out
of the four laboratories with the highest variance
had the highest ratios of particle size to sample
weight (Table 1 and Appendix: Table: A2).
However, of the three laboratories that had the
highest MAD for C in the Bs horizon, only one
had a high size:weight ratio. The source of this
error is not apparent. The strongest relationship
between error in the Bs horizon and other
parameters was with the error in the Oa horizon
(Spearmans r ¼ 0.65, P ¼ 0.009), i.e., laboratories
tended to have similar magnitude of error for
both types of soil horizons.
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The C:N ratio of forest soils has been used to
predict the potential for net N mineralization and
nitrification (e.g., Aber et al. 2003, Ross et al.
2009) and is often presented as an indicator of
litter quality inputs for forest soils (Gholz et al.
2000). The C:N ratios for the two reference soils
(Fig. 1) were within the range reported for
similar horizons in the northeastern US (Ross et
al. 2011). Variability among laboratories for the
C:N ratio in the Oa horizon was similar to that
Fig. 1. Carbon, nitrogen and C:N ratio in the Oa and Bs horizons. The solid gray line represents the median and
dashed gray lines are 62.5 3 MAD. The error bars give the standard deviation within each lab. The number of
replicates performed by each laboratory is given by the bold numbers within each bar.
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found with both C and N (Table 3). However, the
Bs horizon showed considerably more variability
in the C:N ratio than either C or N, with a range
of 17.2–22.5 (Table 4). Thus, the concentrations of
C and N did not vary in parallel. For example,
laboratory 3 reported the highest value for N in
the Bs horizon but a C value below the median,
resulting in the lowest C:N ratio (Fig. 1). This
variability resulted in the data from two labora-
tories being well below the lower threshold of the
median 2.5 3 MAD (Fig. 1). These results
suggest that accuracy in the C and N analyses
is more difficult to obtain in the Bs horizon, either
because of the lower concentrations or interfer-
ences between the more mineral-rich matrix and
analytical conditions such as combustion.
Cations (Ca, Mg, K and Na)
Thirteen laboratories determined cations in the
Bs horizon and employed five different extract-
ants (Table 2). Eight of the laboratories used 1 M
NH4Cl, one used 0.1 M NH4Cl, three laboratories
used NH4OAc buffered either at pH 4.8 or pH 7.0,
and one laboratory used Mehlich-3. The proce-
dures also varied, with eight laboratories using a
batch extraction and five using MVE. The
extractants used for the Oa horizon were identical
to that of the Bs, however two fewer laboratories
participated (one each using the 1 M NH4Cl MVE
and batch methods). Seven of these 11 laboratories
used a higher solution:soil ratio for the Oa horizon
to promote greater efficiency of extraction. Be-
cause of this variety, we grouped the results by
extractant and method (Fig. 2). The largest
differences among laboratories were found with
Ca and Na. In the Oa horizon, the Ca results from
the pH 7 NH4OAc were outliers (lower than the
median 43MAD). These were removed and the
subsequent statistical analysis showed that the
Mehlich-3 was now an outlier. With these three
values removed, the Ca data were normally
distributed and the median was close to the mean
(Table 3). In the Bs horizon, the Ca data were
normally distributed but had a broad range that
Table 3. Statistical data for total C and N, exchangeable cations and pH in the Oa horizon.
Soil property n Median Median absolute deviation SD Mean P , W
C (g/kg) 15 286.5 9.4 12.5 288.4 0.97
N (g/kg) 15 16.66 0.61 0.78 16.63 0.59
C/N 15 17.25 0.51 0.52 17.36 0.03
Ca (cmolc/kg) 11 0.973 0.107 0.240 0.877 0.09
Ca revised (cmolc/kg) 8 0.996 0.041 0.089 1.007 0.93
Mg (cmolc/kg) 11 0.484 0.063 0.067 0.494 0.20
K (cmolc/kg) 11 0.520 0.027 0.041 0.511 0.13
Na (cmolc/kg) 9 0.057 0.013 0.019 0.062 0.56
Al (cmolc/kg) 9 11.09 0.42 0.61 11.02 0.25
pHs 13 3.45 0.04 0.09 3.43 0.03
pHw 13 4.18 0.14 0.20 4.14 0.72
Note: A higher P in the Shapiro-Wilk test indicates a greater likelihood of a normal distribution.
 Probability of obtaining a Shapiro-Wilk statistic (W) less than or equal to the observed value.
 Three outliers removed and statistics recalculated.
Table 4. Statistical data for total C and N, exchangeable cations and pH in the Bs horizon.
Soil property n Median Median absolute deviation SD Mean P , W
C (g/kg) 15 35.40 1.11 2.31 35.16 0.88
N (g/kg) 15 1.762 0.062 0.125 1.737 0.66
C/N 15 20.61 0.73 1.54 20.38 0.12
Ca (cmolc/kg) 13 0.137 0.030 0.036 0.129 0.90
Mg (cmolc/kg) 13 0.065 0.007 0.011 0.066 0.41
K (cmolc/kg) 13 0.036 0.004 0.029 0.042 ,0.01
Na (cmolc/kg) 11 0.018 0.004 0.014 0.023 0.00
Al (cmolc/kg) 11 5.310 0.965 1.495 5.600 0.71
pHs 14 3.64 0.09 0.09 3.64 0.11
pHw 14 3.96 0.08 0.14 3.94 0.25
Note: A higher P in the Shapiro-Wilk test indicates a greater likelihood of a normal distribution.
 Probability of obtaining a Shapiro-Wilk statistic (W) less than or equal to the observed value.
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Fig. 2. Exchangeable Ca, Mg, K and Na in the Oa and Bs horizons. The solid gray line represents the median
and dashed gray lines are 62.5 3 MAD (except for Ca in the Bs horizon, which uses the mean and 95%
confidence interval). The error bars give the standard deviation within each lab. The number of replicates
performed by each laboratory is given by the bold numbers within each bar. Blue, NH4Cl batch; green, NH4Cl
MVE; purple, pH 4.8 NH4Oac; orange, pH 7 NH4OAc; red, Mehlich-3.
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resulted in a relatively high MAD in which the
acceptable range would be 655% of the median
(Table 4). Because of this, we used the mean and
the 95% confidence interval of the mean for data
analysis (Fig. 2). Overall, the variability within
these cation data was much greater than found
with C and N, with 2.53MAD ranging from 10%
of the median for Ca in the Oa horizon (after
outliers were removed) to over 50% of the median
for Na in both horizons. With the exception of one
outlier for K in the Bs horizon, both Mg and K
results were relatively consistent across laborato-
ries and extractants. Greater variability, both
within and among laboratories, was found with
Na. This was expected because of the low
concentrations present in these soils and the
tendency for Na (and K) to partially ionize during
ICP analysis, affecting quantification by optical
spectroscopy. In addition, Na is probably the most
prone to field-sampling and laboratory contami-
nation of all of the elements analyzed in this study,
partly due to the ready source of contamination
from human contact.
Because of the limited number of laboratories
performing each of the procedures, it is difficult
to draw firm conclusions as to the effects of
extractant and extraction method. Nonetheless,
we used our results to evaluate possible effects of
extractant and extraction method. For Ca in the
Oa horizon, the mean and median of the four
laboratories using 1 M NH4Cl in batch extrac-
tions were nearly identical to the laboratories
using MVE with different extractants. Past work
has found small effects of extractant and method
on extractable Ca in similar soils (e.g., Kraske et
al. 1989). Lawrence et al. (1997) compared batch
extractions of four Oa horizons with 1 M NH4Cl,
1 M KCl, 0.1 M BaCl2 and pH 7.0 1 M NH4OAc.
The three unbuffered salts gave comparable
results but, similar to our data, the pH 7.0
extractant averaged 20% lower (although the
difference in Lawrence et al. (1997) was not
statistically significant). On the other hand,
Bailey et al. (2005) used 1 M NH4Cl to reanalyze
forest soil samples that had been extracted with
pH 7.0 1 M NH4OAc 30 years previously
(reported in Ciolkosz et al. 1970) and found
;30% lower Ca with NH4Cl, although the two
were well correlated (r ¼ 0.97). The displacing
cation in all of the extractants used in our study
was NH4 and there is no apparent reason that a
pH 7.0-buffered solution should remove less Ca.
Huntington et al. (1990) compared MVE and
batch extractions with 1 M NH4Cl in both
mineral and organic horizons of forest soils from
the northeastern United States. They found 7%
higher Ca with MVE but this was only evident at
high Ca concentrations (.10 cmolc/kg).
In the Bs horizon, there was more variability
within each extraction method (batch vs. MVE)
and, although the batch results trended lower
(0.128 vs. 0.156 cmolc/kg for batch and MVE,
respectively), the difference was not significant.
Ross and Bailey (D. S. Ross and S. W. Bailey,
unpublished data) found nearly identical exchange-
able Ca in 103 Vermont forest B horizon (Bhs, Bs
and Bw) samples when comparing 1 M NH4Cl
MVE and batch extraction. These samples all had
Ca , 2.5 cmolc/kg, which is typical for the region,
and batch-Ca was 98% that of MVE-Ca (R2¼0.98).
There was somewhat more scatter in Mg (R2 ¼
0.92, slope of batch vs. MVE ¼ 0.88) and
considerable scatter with K (R2 ¼ 0.76), although
the batch vs. MVE slope of 0.98 suggested little or
no bias. The Ca concentration in the Bs reference
soil was quite low, about twice as high as the
reporting limit of some laboratories (Table 2).
Accurate and reproducible measurements at these
low concentrations are challenging because of
greater inherent variability near the quantification
limits of the instrumentation. Low-concentration
cationmeasurements are also limited by the purity
of the extractants, as it is difficult to obtain NH4Cl
salts that do not have some measureable impurity
of Ca, which then requires blank subtraction, an
additional source of variability in the data. Higher
solution:soil ratios ensure complete cation ex-
change but also raise the practical reporting limit,
both because of the greater dilution and a higher
impact of Ca impurities. These issues with low Ca
concentration are somewhat unique to acid forest
soils and not found in agronomic soils that are
commonly much higher in pH and exchangeable
cation concentrations.
Aluminum
Eleven laboratories provided 13 different
results for extractable Al (Fig. 3). Unbuffered salt
extractions of the Oa horizon produced similar
results regardless of the extraction method
(median 11.06 vs. 11.48 cmolc/kg for MVE and
batch, respectively), with the exception of the pH
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4.8 NH4OAc and Mehlich-3 extractions (Fig. 3).
However, MVE with the Bs horizon gave a
median of 7.15 cmolc/kg whereas the batch
median was 4.62 cmolc/kg. Aluminum results
for neutral NH4OAc were not reported but the
pH 4.8 NH4OAc, using MVE, removed about
twice the amount for both horizons when
compared to batch extraction. The one Mehlich-
3 extraction interestingly gave a very low result
for the Oa and a very high result for the Bs (Fig.
3). These results are not surprising in that it is
well established that exchangeable Al is opera-
tionally defined by the procedure used (Hun-
tington et al. 1990, Ross et al. 2008). The type and
strength of the extractant, the solution:soil ratio
and the time of contact all appear to affect
results. Huntington et al. (1990) found 26%
higher exchangeable Al with MVE vs. batch
extraction (1 M NH4Cl), averaged across both
mineral and organic forest soil horizons. Varying
the time of extraction during MVE from 0.5–20
hours had a strong effect on the amount of Al
removed, with most of the increase occurring
over the first 4 hours. Ross and Bailey (D. S. Ross
and S. W. Bailey, unpublished data) found an
average of 76% higher Al in MVE, compared to
batch extractions, of the 103 B horizons discussed
above. In that study, results from the two
methods (both with 1 M NH4Cl) were well
related (R2¼ 0.85) but the MVE data had a much
broader range (0.5–15.6 cmolc/kg vs. 0.3–8.7
cmolc/kg for batch). The reason for the lack of a
method (MVE vs. batch) effect on the Oa
reference horizon is not clear. Skyllberg (1995)
showed a small increase in Al extracted as the 1
M KCl solution:soil ratio increased from 15 to 150
in Bs horizons but found no effect as it changed
from 91 to 375 in O horizons. He suggested that
exchangeable Al was a definable subpool of the
total organically bound Al in O horizons but that
B horizon chemistry was more complicated. The
longer contact time and greater solution:soil ratio
with MVE vs. batch probably resulted in the
higher extractable Al found with MVE in the Bs
horizon (Fig. 3), possibly due to relatively slow
dissolution of Al-bearing spodic materials during
the extraction. It is well established that pH 4.8
NH4OAc removes a portion of the organically
bound Al that is not extracted by an unbuffered
salt, due to complexation of Al by the acetate
molecule (Bartlett 1982). Both the acetate and low
pH enhance Al extraction and this was reflected
in the results from the one laboratory that used
this extractant (Fig. 3). The use of 1 M KCl is a
well-established method for the determination of
exchangeable Al, and a titration can be per-
formed to measure both exchangeable acidity
and Al (Thomas 1982). Because Kþ and NH4
þ are
similar in size and identical in charge, 1 M
solutions of either should extract approximately
the same amount of Al. This has been found in
past studies (e.g., Ross et al. 1996) and appears to
be the case in the present study across the
different laboratories.
Fig. 3. Extractable Al in the Oa and Bs horizons. The solid gray line represents the median and dashed gray
lines are 62.53MAD. The error bars give the standard deviation within each lab. The number of replicates
performed by each laboratory is given by the bold numbers within each bar. MVE is mechanical vacuum
extraction. Blue, NH4Cl batch; brown, KCl batch; green, NH4Cl MVE; light purple, KCl MVE; dark purple, pH
4.8 NH4OAc; red, Mehlich-3.
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Soil pH
For the Oa horizon (Table 3), variability was
considerably higher in the pHw determination
compared to the pHs (all but one laboratory used
0.01 M CaCl2, with the one using 1.0 M NH4Cl).
Most participating laboratories reported pH for
the Bs horizon (Fig. 4). The variability was
relatively low and 2.5 3 MAD was only 5–6%
of the median (Table 3). Working with agronomic
soils, Miller and Kissel (2010) found a similar
result and attributed it to analytical error due to
the effect of low-ionic strength on the liquid
junction potential of the pH-electrode system.
This effect should be stronger in forest soils that
are generally lower in ionic strength and more
sensitive to the salt effect (Richter et al. 1988).
Part of the variability in our data could be caused
by differences among laboratories in the solu-
tion:soil ratio (Fig. 4). There was a wider range
used with the Oa horizon, ranging between 1:1
and 10:1 solution:soil, and the analytical effect of
this difference is more evident with a water pH
because it creates a wider range in solution ionic
strength (Peech 1965). A lower solution:soil ratio
will result in higher solution ionic strength (less
dilution) and lower pH. This trend can be seen
with the pHw in the Oa horizon (Fig. 4). Because
of these factors, the use of 0.01 M CaCl2 was
recommended for both agronomic and forest
soils (Richter et al. 1988, Miller and Kissel 2010).
The actual pH of forest soil solutions is likely to
be somewhat higher than this salt pH. Ross and
Bartlett (1996) showed that the pH of soil
solutions, extracted from all horizons of upland
Fig. 4. Soil pH for the two reference samples in water and in salt (0.01 M CaCl2 except for lab 8, which used 1 M
NH4Cl). The solid gray line represents the median and dashed gray lines are 62.53MAD. The error bars give the
standard deviation within each lab. The solution to soil ratio is color coded according to the legend in the upper
left panel. The number of replicates performed by each laboratory is given by the bold numbers within each bar.
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forest soils from Vermont, was higher than a soil
pH measured in 0.0025 M CaCl2, but usually
lower than the pHw. Similar results were also
shown by David and Lawrence (1996) for
northeastern U.S. soils when soil solutions were
compared with soil pH measured in 0.01 CaCl2.
The laboratory that used 1.0 M NH4Cl for the salt
pH measurement reported results within 0.1 pH
units of the median for both horizons. This pH
was measured in the cation extraction solution
and was also used to calculate exchangeable Hþ.
The ionic strength of this solution (1.0 M NH4Cl)
was considerably higher than that of 0.01 M
CaCl2 but the solution:soil ratio used (10:1) was
quite a bit higher than that used by most other
laboratories (Fig. 4).
Reporting results on a dry-weight basis
As described in the methods section, there was
little consistency among laboratories in the
approach for reporting results on a dry-weight
basis, especially for the Oa horizon. Mineral soils
generally retain a low amount of water after air
drying, as low as 0.2% in sandy soils, whereas
forest floor horizons may retain over 8% (Kalra
and Maynard 1991). If expressing results on an
oven-dry basis, all participating laboratories
would use the standard 1058C for mineral soils
but the temperature used for organic soils varied
among 608, 658, 708, 808 and 1058C. O’Kelly (2004,
2005) showed that this range in temperature gave
variable results for organic soils. At 608C,
hygroscopic water was retained, even with
extended drying time. However, at temperatures
above 808C, organic soils lost weight through
oxidation (O’Kelly 2005). Thus, there appears to
be a balance needed and, using a limited number
of samples, O’Kelly (2005) showed that drying
organic soils for 24 hours at 808C provided the
most accurate results. For mineral soils, there is
relatively low error associated with not adjusting
results to an oven-dried basis because of the
relatively low air-dried water content. For organ-
ic soils, the error could be considerable for the
reasons discussed above.
CONCLUSIONS
The results of this inter-laboratory comparison
suggest the following:
1. Expressing chemical results on a dry-weight
basis, especially for organic horizons, should
be standardized across laboratories. The
standard drying temperature of 1058C used
for mineral soils is not suitable for organic
samples (Kalra and Maynard 1991, O’Kelly
2004, 2005). High-C soils can retain an
appreciable and variable amount of water
under ambient conditions. We recommend
standardizing organic soil drying, and sug-
gest 808C for 24 hours based on the findings
of O’Kelly (2005). More research should be
done with a range of organic forest soil
horizons to validate this approach.
2. The results for C and N were relatively
consistent within each horizon, even with
differences in dry-weight calculations.
However, there was relatively high variabil-
ity in the C/N ratio of the somewhat low-C
Bs horizon, with a fairly broad range of
17.2–22.5. We recommend that all laborato-
ries perform sample grinding, either by
hand or with a ball mill, to reduce variabil-
ity of small samples weights used for C and
N analysis.
3. Good precision in the determination of
base-forming cations in acidic B horizons
may be challenging because of the low
concentrations. The participating laborato-
ries reported a broad range in their lower
reporting limit for exchangeable Ca2þ (Table
2). While 1 M NH4Cl is widely used for
forest soil cation extractions, the solution:
soil ratio and analytical instrumentation
conditions may need to be standardized to
achieve consistency for specific research and
management objectives.
4. As previously shown in the literature, the
quantity of extractable Al is method-depen-
dent and comparisons among laboratories
should be made with caution. This also
applies other metrics of soil condition, such
as Ca:Al ratios, calculated from these types
of extractions.
5. As previously shown in the literature, the
variability in soil pH measured in water is
greater than soil pH measured in dilute salt
solutions.
In most cases, the results from different
laboratories were remarkably consistent despite
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different methods. When there were standard-
ized methods, such as the analysis of total C and
N, variability among laboratories was low and
2.5 3 MAD ranged from 68% to 9% of the
median. For those laboratories that ran repeated
samples over time, within-laboratory variability
was often higher than the among-laboratory
variability. In addition to the issue of sample
particle size vs. weight, the most significant
methodological difference among laboratories
for C and N analysis was probably sample
drying technique and temperature, especially
for the organic horizon in which a wide range
of drying temperatures were used (608 to 1058C).
A number of different methods and variations in
methods were used for the extraction of cations.
The use of 1 M NH4Cl was widespread and will
likely continue to be used for this purpose in
forest soil research. This extractant is not com-
monly used in fertility testing of agronomic soils,
and proficiency programs such as the NAPT do
not include it.
We encourage continued inter-laboratory com-
parisons of forest soil methods, using forest soil
reference samples that are representative of the
soil types being analyzed by participating labo-
ratories. The two reference samples used in this
study were typical of upland acidic forest soils of
eastern North America. The high C concentration
of the Oa horizon and the low Ca concentration
of the Bs horizon both present some analytical
challenges for laboratories not used to these
types of samples. Reference soils, such as these,
are needed for forest soil research and monitor-
ing to help quantify the uncertainty of analytical
results and help lead to greater reproducibility
among laboratories. Researchers can review and
revise laboratory methodologies when they
deem their results to be beyond an acceptable
range established for the reference samples.
Continued use of relevant reference standards
can provide assurance of a laboratory’s reliability
or, in the worst case, document a pattern of
unreliability. The results of this study indicate
that despite the limited standardization in forest
soil analyses to date, analytical variability among
methods and laboratories does not preclude
combining data from different sources to expand
the scope of questions that can be addressed. The
use of relevant reference samples is strongly
recommended for long-term monitoring and
resampling studies to help validate comparison
of results obtained from different methods and
laboratories in different time periods. Coupled
with experimental design, these types of results
can be used to determine the threshold of change
that is detectable given the variability inherent in
laboratory analysis. Beyond laboratory variabil-
ity, this threshold will depend on sample
numbers and being able to quantify the uncer-
tainty associated with sampling.
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SUPPLEMENTAL MATERIAL
APPENDIX
Table A1. Details of carbon/nitrogen elemental analysis.
Lab
Calibration standards
(pure chemical or soil)
Introduction
vessel Instrument Combustion catalyst
1 Pure Chemical Tin Thermo Flash EA 1112 Series copper oxide/platinized alumina
2 Soil (NAPT) Tin Thermo Flash EA 1112 Series copper oxide/platinized alumina
3 Pure Chemical Tin Elementar Vario EL III tungsten trioxide
5 Pure Chemical Tin Carlo Erba NA 1500 Series 2 chromium oxide, silvered
cobaltous/cobaltic oxide
6 Pure Chemical Tin Thermo Flash EA 1112 Series silvered cobaltous/colbaltic oxide.
7 Pure Chemical Tin Thermo Flash EA 1112 Series copper oxide/platinized alumina
8 Certified soil
standards (NIST)
Ceramic LECO TruMac C/N copper oxide
9 Pure Chemical Tin Thermo Flash EA 1112 Series copper oxide, silvered cobaltous oxide
10 Pure Chemical Tin Costech ECS 4010 chromium oxide, silvered
cobaltous/cobaltic oxide
11 Soil (from LECO) Tin LECO TruSpec CHNS calcium oxide/magnesium oxide/alumina
13 Pure Chemical Ceramic Elementar VarioMax copper oxide, tungsten and copper oxide
14 Certified plant
standards (NIST)
Tin DeltaPlus XP MS/Costech
ECS4010 Elemental Analyzer
chromium oxide, silvered
cobaltous/cobaltic oxide
16 Pure Chemical Tin Thermo Flash EA 1112 Series silvered cobaltous/colbaltic oxide
18 Soil (from LECO) Ceramic LECO CNS-2000 copper oxide
19 Pure Chemical Tin Elementar Vario EL III tungsten trioxide
Notes: All instruments used some form of elemental copper for reduction. Any use of trade, product, or firm names is for
descriptive purposes only and does not imply endorsement by the U.S. Government.
 North American Proficiency Testing program.
 National Institute of Science and Technology.
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Table A3. Carbon and nitrogen data for the Oa horizon.
Lab n C (g/kg) SD N (g/kg) SD C/N SD
1 22 292.5 12.3 17.2 0.5 17.0 0.71
2 4 282.4 4.6 15.8 0.2 17.9 0.11
3 10 272.6 20.5 16.5 1.3 16.5 0.43
5 3 309.9 14.6 17.3 0.75 17.9 0.07
6 15 295.9 9.3 16.7 0.55 17.8 0.11
7 31 297.9 26.0 17.5 1.5 17.0 0.47
8 9 279.3 3.4 15.6 0.5 17.9 0.73
9 3 294.1 2.2 17.3 0.3 17.0 0.21
10 4 266.8 9.2 14.9 0.5 17.9 0.12
11 15 306.0 17.9 17.7 0.9 17.2 0.32
13 5 285.7 2.5 16.0 0.1 17.8 0.13
14 50 300.0 13.0 17.0 0.8 17.7 0.62
16 4 278.7 3.5 16.9 0.1 16.5 0.11
18 3 277.0 1.9 16.4 0.1 16.9 0.05
19 14 286.5 10.6 16.7 0.6 17.2 0.28
Table A4. Cations extracted from the Bs horizon.
Lab n Ca (cmolc/kg) SD Mg (cmolc/kg) SD K (cmolc/kg) SD Na (cmolc/kg) SD
2 23 0.168 0.025 0.069 0.005 0.037 0.007 0.012 0.002
4 2 0.107 . . . 0.049 . . . 0.039 . . . 0.018 . . .
6 3 0.122 0.007 0.056 0.002 0.028 0.002 0.040 0.004
8 13 0.148 0.005 0.074 0.005 0.034 0.002 0.016 0.004
11 3 0.096 0.010 0.062 0.003 0.138 0.004 0.056 0.001
3 9 0.199 0.031 0.093 0.008 0.040 0.005 0.022 0.008
10 5 0.143 0.013 0.061 0.006 0.024 0.002 0.015 0.019
12 6 0.137 0.009 0.065 0.004 0.040 0.006 . . . . . .
7 10 0.142 0.015 0.069 0.004 0.036 0.003 0.015 0.002
1 12 0.156 0.004 0.074 0.003 0.041 0.003 0.022 0.007
9 1 0.074 . . . 0.055 . . . 0.026 . . . 0.012 . . .
13 5 0.080 0.003 0.057 0.002 0.036 0.013 . . . . . .
18 3 0.102 0.000 0.070 0.000 0.028 0.001 0.020 0.001
Notes: See Table 1 for methods. An ellipsis (. . .) indicates that either the element was not determined or the standard deviation
was not calculated.
Table A2. Carbon and nitrogen data for the Bs horizon.
Lab n C (g/kg) SD N (g/kg) SD C/N SD
1 29 34.4 1.0 1.75 0.20 19.9 2.47
2 39 37.0 2.0 1.80 0.13 20.6 1.06
3 10 34.3 2.5 2.00 0.28 17.3 2.05
5 3 39.6 2.4 1.77 0.12 22.5 0.20
6 10 36.1 1.2 1.80 0.08 20.1 0.57
7 31 38.6 4.8 1.84 0.20 21.0 0.77
8 9 33.6 1.0 1.62 0.08 20.8 1.66
9 9 34.0 0.4 1.71 0.03 19.9 0.17
10 4 30.6 1.3 1.78 0.03 17.2 0.84
11 18 34.7 1.4 1.60 0.19 22.0 2.28
13 5 35.4 1.8 1.69 0.09 20.9 0.24
14 115 35.9 2.6 1.76 0.13 20.4 0.74
16 4 35.6 0.4 1.82 0.09 19.5 0.76
18 3 31.8 0.4 1.47 0.02 21.7 0.20
19 11 35.8 2.3 1.64 0.14 21.9 1.16
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Table A7. Soil pH in the Bs horizon.
Lab n Salt pH SD n Water pH SD
1 7 3.61 0.04 . . . . . . . . .
2 6 3.73 0.03 12 4.05 0.04
3 8 3.63 0.05 9 4.00 0.05
4 2 3.58 . . . 2 4.10 . . .
5 3 3.73 0.01 3 3.93 0.03
6 . . . . . . . . . 3 3.93 0.05
7 7 3.55 0.09 7 3.96 0.08
8 13 3.73 0.03 9 4.12 0.02
9 1 3.62 . . . 1 3.95 . . .
10 6 3.73 0.02 6 3.72 0.09
11 1 3.73 . . . 1 4.10 . . .
16 2 3.67 . . . 2 3.69 . . .
17 3 3.45 0.03 3 3.78 0.01
18 3 3.64 0.01 3 3.98 0.01
19 6 3.54 0.01 6 3.89 0.02
Notes: See Fig. 4 for the solution:soil ratio. An ellipsis (. . .) indicates that either the pH was not determined or the standard
deviation was not calculated.
Table A5. Cations extracted from the Oa horizon.
Lab n Ca (cmolc/kg) SD Mg (cmolc/kg) SD K (cmolc/kg) SD Na (cmolc/kg) SD
2 6 1.15 0.07 0.46 0.03 0.55 0.07 . . . . . .
4 2 0.87 . . . 0.44 . . . 0.54 . . . 0.06 . . .
6 3 0.97 0.04 0.54 0.03 0.55 0.00 0.10 0.00
8 11 1.00 0.04 0.56 0.03 0.53 0.04 0.05 0.00
3 9 0.99 0.10 0.57 0.05 0.52 0.04 0.07 0.03
10 9 0.94 0.14 0.48 0.13 0.45 0.04 0.04 0.05
7 16 1.03 0.05 0.56 0.03 0.55 0.03 0.06 0.01
1 15 1.10 0.07 0.56 0.02 0.51 0.03 0.08 0.03
9 1 0.42 . . . 0.37 . . . 0.47 . . . 0.04 . . .
13 5 0.53 0.01 0.42 0.01 0.51 0.02 . . . . . .
18 3 0.66 0.02 0.48 0.02 0.44 0.02 0.06 0.00
Notes: See Table 1 for methods. An ellipsis (. . .) indicates that either the element was not determined or the standard deviation
was not calculated.
Table A6. Aluminum extracted from both reference samples.
Lab Extractant Procedure Oa n Oa Al (cmolc/kg) Oa SD Bs n Bs Al (cmolc/kg) Bs SD
2 1 M NH4Cl shake 6 9.96 0.51 23 4.90 0.31
4 1 M NH4Cl shake 2 10.43 . . . 2 3.49 . . .
6 1 M NH4Cl shake 3 11.71 0.32 3 4.399 0.081
8 1 M NH4Cl shake 11 11.51 0.55 13 5.52 0.25
11 1 M NH4Cl shake . . . . . . . . . 3 4.62 0.18
7 1 M KCl shake 17 11.48 1.99 11 4.35 0.59
8 1 M KCl shake 11 11.47 0.62 13 5.31 0.26
3 1 M NH4Cl MVE 9 11.06 1.91 9 6.29 0.51
10 1 M NH4Cl MVE 9 11.09 1.64 5 6.81 0.66
12 1 M NH4Cl MVE . . . . . . . . . 6 7.49 0.54
10 1 M KCl MVE 7 10.46 3.23 2 8.41 . . .
1 1.25 M NH4Oac pH 4.8 MVE 15 20.89 0.85 12 11.29 1.15
18 Mehlich-3 shake 3 6.25 0.07 3 18.81 0.22
Notes: MVE ¼mechanical vacuum extraction. An ellipsis (. . .) indicates that either Al was not determined or the standard
deviation was not calculated.
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Table A9. Loss-on-ignition in both horizons as determined by seven different laboratories.
Lab Oa n Oa LOI (%) Oa SD Bs n Bs LOI (%) Bs SD Temp (8C) Time (hrs)
1 6 53.89 0.74 6 7.33 0.13 475 8
3 14 54.17 1.16 14 7.81 0.25 375 16
5 3 52.90 . . . 3 7.80 . . . 475 8
6 3 53.18 0.52 3 7.33 0.09 450 16
7 7 57.18 1.31 9 9.37 0.17 450 24
8 3 54.40 0.10 . . . . . . . . . 550 12
10 4 60.36 2.52 4 9.23 0.65 500 16
Notes: LOI ¼ loss-on-ignition; the methods used were from Robarge and Fernandez (1986), Blume et al. (1990), Kalra and
Maynard (1991) and Nelson and Sommers (1996). An ellipsis (. . .) indicates that either the LOI was not determined or the
standard deviation was not calculated.
Table A8. Soil pH in the Oa horizon.
Lab n Salt pH SD n Water pH SD
1 7 3.45 0.07 . . . . . . . . .
2 10 3.48 0.02 6 4.19 0.01
3 8 3.46 0.08 9 4.16 0.18
4 2 3.47 . . . 2 4.53 . . .
5 3 3.49 0.02 3 3.84 0.02
6 . . . . . . . . . 3 4.18 0.05
7 8 3.49 0.05 9 4.25 0.12
8 11 3.41 0.06 9 4.22 0.08
9 1 3.40 . . . 1 3.94 . . .
10 6 3.55 0.02 6 4.34 0.08
11 . . . . . . . . . . . . . . . . . .
16 2 3.18 . . . 2 3.96 . . .
17 5 3.33 0.02 5 4.04 0.01
18 3 3.44 0.00 3 4.27 0.01
19 6 3.40 0.02 6 3.87 0.02
Notes: See Fig. 4 for the solution:soil ratio. An ellipsis (. . .) indicates that either the pH was not determined or the standard
deviation was not calculated.
Table A10. Exchangeable acidity in both horizons as determined by five laboratories.
Lab n Oa (cmolc/kg) SD n Bs (cmolc/kg) SD
1 14 11.94 0.41 14 4.73 0.22
7 17 15.58 1.62 11 5.50 0.32
8 11 11.91 0.49 13 5.72 0.25
9 2 11.62 . . . 2 4.82 . . .
10 7 10.55 1.69 2 6.31 . . .
Notes: Methods were from Thomas (1982) and Robarge and Fernandez (1986). An ellipsis (. . .) indicates that the standard
deviation was not calculated.
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Table A11. Total elemental analysis of both horizons as determined by three different laboratories using three
different methods.
Horizon / Method Oa Li-borate Oa HF/HNO3 Oa ashing/HNO3 Bs Li-borate Bs HF/HNO3
n 11 17 3 4 17
Al (mg/kg) 38641 36637 9598 67030 71795
Al SD 1640 3522 . . . 873 10547
Ca (mg/kg) 1390 1281 290 3189 2629
Ca SD 26 140 nd 50 215
Fe (mg/kg) 16682 14800 8282 45517 44253
Fe SD 453 1277 . . . 868 3592
K (mg/kg) 4653 9335 1168 15776 19527
K SD 1007 669 . . . 1059 2243
Mg (mg/kg) 1757 1616 568 6168 5632
Mg SD 42 111 . . . 91 617
Mn (mg/kg) 225 194 42 684 641
Mn SD 12 14 . . . 10 74
Na (mg/kg) 5473 5760 172 13092 13483
Na SD 331 549 . . . 60 1129
P (mg/kg) 1297 1219 1293 392 373
P SD 59 93 . . . 14 55
Si (mg/kg) 155778 . . . . . . 288670 . . .
Si SD 11978 . . . . . . 4593 . . .
Sr (mg/kg) 44 40 4 89 86
Sr SD 1 3 . . . 2 6
Ti (mg/kg) 3228 . . . 123 6184 . . .
Ti SD 77 . . . . . . 133 . . .
Zr (mg/kg) 220 . . . 2 442 . . .
Zr SD 8 . . . . . . 24 . . .
Notes: The HF/HNO3 method is EPA 3052 (USEPA 1996); the ashing/HNO3 method is detailed in Friedland and Johnson
(1985). An ellipsis (. . .) indicates that either the particular element was not determined or the standard deviation was not
calculated.
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